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Abstract Pd/Y multilayer mirrors operating in the soft X-ray region are
characterized by a high theoretical reflectance, reaching 65% at normal
incidence in the 8-12 nm wavelength range. However, a severe intermixing
of neighboring Pd and Y layers results in an almost total disappearance of
the interfaces inside the multilayer structures fabricated by direct current
magnetron sputtering and thus a dramatic reflectivity decrease. Based on
grazing incidence X-ray reflectometry and X-ray photoelectron
spectroscopy, we demonstrate that the stability of the interfaces in Pd/Y
multilayer structures can be essentially improved by adding a small amount
of nitrogen (4-8%) to the working gas (Ar). High resolution transmission
electron microscopy shows that the interlayer width is only 0.9 nm and 0.6
nm for Y(N)-on-Pd(N) and Pd(N)-on-Y(N) interfaces, respectively. A well-
defined crystalline texture of YN (200) is observed on the electron
diffraction pattern. As a result, the measured reflectance of the Pd(N)/Y(N)
multilayer achieves 30% at A = 9.3 nm. The peak reflectivity value is
limited by the remaining interlayers and the formation of the YN compound
inside the yttrium layers, resulting in an increased absorption.

©2015 Optical Society of America

OCIS codes: (340.7470) X-ray mirrors; (340.7480) X-rays, soft x-rays, extreme ultraviolet
(EUV); (310.1860) Deposition and fabrication.
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1. Introduction

In spite of impressive progress in the fabrication technology of multilayer mirrors for soft X-
ray (SXR) and extreme ultraviolet (EUV) radiation, these high-quality mirrors were
developed for several spectral regions only. Among them are the Mo/Si multilayers for EUV
lithography (A = 13.5 nm; experimentally achieved reflectivity at normal incidence R =
70.3%) [1], La-containing multilayers for “beyond EUV” lithography (A ~6.7 nm, R = 64%)
[2, 3], Al-containing multilayers for solar astronomy (A ~17-30 nm, R = 53%) [4-6] and
multilayers for SXR microscopy in the “water window” region (A ~2.3-4.4 nm, R,,,.x = 32%)
[7-9]. At the same time, all of these multilayers are poorly suited for the 8-12 nm spectral
region, which is of particular interest for solar astronomy [4] and a free-electron laser
beamline [10]. Figure 1 shows that the theoretical peak reflectivity of the well-studied Mo-
and La-containing multilayers does not exceed 40%, as a rule. Some increase in the
reflectivity can be obtained by the use of a lower absorbing yttrium spacer. The
experimentally achieved reflectivity of the Mo/Y multilayer is equal to 38.4% at A = 9.5 nm

[11].
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The most promising absorbing material in the 8-12 nm spectral region is palladium, whose
absorptivity is almost the same as that of Mo, while the real part of the polarizability exceeds
that of Mo by a factor of 1.5 (at L = 9.5 nm). As a result, the calculated reflectivity of the
Pd/B4C mirror is higher than that of Mo- and La-containing multilayers in the 8-11 nm
spectral interval (see Fig. 1). Replacement of the B,C spacer with less absorbing B or Y gives
an additional rise in the reflectivity of up to 65% for the Pd/Y multilayer at A = 9.5 nm. The
maximal possible reflectance is achieved for Pd/Sr or Pd/BP [12] multilayers (the last one is
not shown in Fig. 1), exceeding 70%.

Unfortunately, the high reactivity of Sr results in a fast deterioration of the multilayer
structure [13]. The deposition of BP compound, as well as pure B, is a critical issue for direct
current (DC) magnetron sputtering, which is a standard technique for the fabrication of SXR
and EUV multilayer mirrors. Therefore, we consider the Pd/Y multilayer as the best candidate
for a highly reflective mirror in the 8—12 nm spectral range from both theoretical and
technological points of view.

The Pd/Y multilayers were first proposed and experimentally studied by Montcalm et al in
[14], where the main problem of practical fabrication of these multilayers was also indicated,
namely, the severe intermixing and compound formation between Pd and Y layers destroying
the optical contrast (dielectric constant variation) at the interfaces. If sharp interfaces are
produced between the Pd and Y layers, high reflectance of the multilayer can be expected.
Recently, an introduced thin B,C barrier layer was used to mitigate the interdiffusion between
Pd and Y, and the experimental reflectivity was increased up to 43% at A = 9.35 nm [15].
Chemical passivation of the layers, e.g. by nitridation, is another way to reduce the
interdiffusion and compound formation at the interfaces. This approach was already
successfully applied to several multilayer systems including La/B [2], W/B,C [16], and Cr/Sc
[7]. In this paper, we demonstrate that the nitridation of both Pd and Y layers can also
increase the interface stability and enhance the soft X-ray reflectivity. The near normal
incidence SXR reflectance from the Pd(N)/Y(N) multilayer is found experimentally to be
equal to 30% at a wavelength of 9.3 nm.

09{ ——MoB,C | e Py
08ls —o—LaB,C —+— Pd/B
—e—Pd/Sr 7

—v— Mo/Y
0.7 2

0.6 A
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Reflectance
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0.2 1
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Fig. 1. Maximal normal incidence reflectance of different multilayer mirrors for operation in
the 8-12 nm wavelength range. The calculations were performed for semi-infinite multilayer
structures with the optimized thickness of absorbing and spacing layers [17]. Neither
interlayers nor interfacial roughness were taken into account.

2. Fabrication and structural characterization of Pd/Y multilayers

The studied Pd/Y multilayer mirrors were designed for operation at the 9.5 nm wavelength,
with a d-spacing of approximately 4.9 nm and the ratio of the Pd layer thickness to the d-
spacing v = ~0.5. The multilayers were fabricated by using the DC magnetron sputtering
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technique. The base pressure before deposition was ~3.0 x 10-5 Pa. Both high purity argon
and a mixture of argon and nitrogen were used as the working gas. Nitrogen was used to
passivate the interfaces between the Pd and Y layers and to enhance their stability due to the
possible formation of yttrium nitride (YN) because the Gibbs free energy of Pd-Y compound
formation is between —60 and —91.7 kJ/mol (at 1073 K) [14, 18] and the energy of YN
formation is —269 kJ/mol (at 298 K) [14]. Three different mixing ratios, i.e., the ratios of the
partial pressure of N2 to the total pressure in the bottle, were used: 4%, 6%, and 8% nitrogen.
The total working pressure in the deposition chamber was set to 0.1 Pa. The multilayers were
deposited onto superpolished silicon wafers with a root-mean-squared (rms) surface
roughness of 0.2 nm.
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Fig. 2. X-ray reflectivity (at A = 0.154 nm) versus the grazing angle of PA(N)/Y(N) multilayers
fabricated by magnetron sputtering with the use of pure Ar as the working gas (a) and a
mixture of Ar + N2, where the content of nitrogen is 4% (b), 6% (c) and 8% (d).

At first, a set of Pd/Y and Pd(N)/Y(N) multilayers consisting of 20 bilayers was fabricated
to study the internal structure of the mirrors by grazing incidence X-ray reflectometry (GIXR)
at the Cu-Ka emission line (A = 0.154 nm) and by X-ray photoelectron spectroscopy (XPS).
The GIXR curves of four Pd/Y multilayers deposited in pure Ar, Ar + 4% N,, Ar + 6% N,
and Ar + 8% N, are shown in Fig. 2. Only the very low 1st Bragg peak is observed for the
multilayer deposited in pure argon (Fig. 2(a)). The same behavior of reflectivity was also
detected in Ref [14, 15]. This fact indicates that, probably, the Pd and Y layers are almost
totally intermixed such that interfaces between neighboring layers are barely perceptible.
However, after adding 4% nitrogen to the working gas, the layered structure is drastically
improved and the 5th Bragg peak is quite observable in the GIXR curve (Fig. 2(b)) (the 4th
Bragg peak is suppressed here). We can conclude that adding a small amount of nitrogen to
the working gas reduced significantly the intermixing of Pd and Y layers. A further increase
in the nitrogen content up to 6% and 8% only slightly affects the GIXR curves. In particular,
the 1st order Bragg peak reflectance is equal to (36 £ 1)% for all three curves in Fig. 2(b),
2(c), 2(d), demonstrating that the interface width in the Pd(N)/Y(N) multilayers remains
almost the same as the nitrogen content increases from 4% to 8%.

To study the effect of nitridation on the interface stability and the change in chemical
composition of the layers, Pd/Y multilayers fabricated with both pure Ar and Ar + 4% N,
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working gas were analyzed using X-ray photoelectron spectroscopy (XPS). The AXIS Ultra
DLD instrument and Al Ka radiation (E = 1486 ¢V) were used for the analysis. A cap layer of
2.5 nm thick Pd was deposited onto the top of both the multilayers to avoid oxidation. lon
etching (2 keV Ar") was applied to determine the atomic concentration of Y and Pd with
depth. The ion spot size was 3 x 3 mm’, and the etching rate of the Pd(N)/Y(N) multilayer
was approximately 1 nm/min.

80 T T T T T T T T T T
70 |- O—u-0Mm_—0 4
60 - -
I |
« 50 E
S
§ 4of |
o
€ 30 E
3
5 20} —0— Pd (pure ArL
o “ —O—Y (pure Ar)
10+ / —=—Pd (4% N, )
0 1 ‘ 1 1 I 1 1 1 | Y (4?/0 N2)| ]

0 2 4 6 8 10 12 14 16 18
sputtering time (min)

Fig. 3. XPS sputter depth profiles of the Pd/Y multilayer and the PA(N)/Y(N) multilayer
fabricated with 4% N2 content.

The measured concentration profiles of Pd and Y are displayed in Fig. 3. In the case of the
Pd/Y multilayer fabricated with pure Ar, the ratio of the atomic concentrations of Pd and Y is
kept constant (~2.4) starting at a depth of approximately 10 nm. This value is very close to the
ratio (~2.3) of the deposited atoms of Pd to Y, assuming the bulk density of materials and the
same thickness of Pd and Y layers prescribed when designing the structure with abrupt
interfaces. This fact clearly demonstrates a complete intermixing of layers inside the Pd/Y
structure. The concentration ratio is quite different near the surface, where the concentration
of Y becomes even higher than that of Pd. Probably, this can be explained by the intermixing
of Pd and Y, oxidation of Y on the surface, and diffusion of Y atoms from the interior of the
structure to the surface, driven by the oxidation process. The last effect was earlier observed
for other metal systems [19, 20]. The low concentrations of Pd and Y on the surface are
explained by the high oxygen and carbon content caused by the oxidation of Y and the
formation of an adhesion layer consisting mainly of water and hydrocarbon molecules.

Adding 4% nitrogen to the working gas resulted in the formation of a clearly observed
periodic PA(N)/Y(N) structure and hence an essential mitigation of interdiffusion between the
Pd and Y layers. In particular, the concentration of yttrium reduced to zero on the surface.
This fact explains the appearance of well-pronounced Bragg peaks in the reflectivity curve
shown in Fig. 2(b).

The internal structure and morphology of the multilayer deposited with 4% nitrogen in the
working gas were characterized by transmission electron microscopy (TEM) using the FEI
Tecnai G2 F20 equipment of Materials Analysis Technology Inc.. Both bright field and dark
field images were obtained using a transmitted and diffracted beam, respectively. The bright
field image (Fig. 4(a)) shows the layered structure, while the dark field image (Fig. 4(b))
reveals the crystalline grains. A periodic layered structure is clearly observed in Fig. 4(a),
where the light layers are yttrium and the dark ones are palladium. The periodic structure is
consistent with the XPS results. The thickness of both Y and Pd layers was found to be
approximately 2.4 nm. Atomic planes with different orientations are seen inside the yttrium
layers, giving an indication of crystalline grains. Despite the regular layered structure, the
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intermixing areas at both the Pd-on-Y and Y-on-Pd interfaces are still observed. The
interlayer width was estimated to be 0.9 nm and 0.6 nm at the Y-on-Pd and Pd-on-Y
interface, respectively.

The selected area electron diffraction (SAED) pattern is shown in Fig. 4(c). The two
bright spots and two discontinuous diffraction rings indicate the existence of polycrystalline
grains in the multilayer structure. The two bright spots in the outer ring were identified as YN
(200) diffraction. These two spots appear in the same direction as the diffraction pattern from
the multilayer (near the central spot). Thus, we can conclude that after adding nitrogen to the
working gas, a part of the yttrium reacted with nitrogen and formed YN polycrystalline
grains, a large part of them being oriented parallel to the multilayer interfaces. The dark field
image (Fig. 4(b)) demonstrates that crystalline grains (YN) appear mainly inside the Y layers.
The grain size along the multilayer growth direction is limited by the layer thickness, while
the lateral size is a few nanometers. The second ring in Fig. 4(c) is most likely to be identified
as Y(002) diffraction. The diffraction pattern of palladium was not observed, which indicates
that the palladium layer is in an amorphous state. This fact explains the asymmetrical
interfaces observed in Fig. 4(a), as the crystallites in the Y layers suppress the interlayer
formation during the growth of Pd-on-Y [21].

In addition, energy dispersive X-ray spectroscopy (EDX) was used to analyze the
chemical composition inside layers of the studied samples. The atomic concentration of
nitrogen contained in the palladium layers was estimated to be less than 10%, while the
nitrogen content in the yttrium layers is noticeably higher and reaches 16~19%. This is
consistent with the SAED results, which show that YN is formed inside the yttrium layers.

The experimental results thus demonstrate clearly that the nitridation of Pd/Y multilayer
structure suppresses heavily the interdiffusion of Pd and Y layers. The TEM and SAED data
indicate that an essential part of yttrium layers consists of YN and pure Y crystalline grains.
As a diffusion of an amorphous material (Pd) occurs mainly along the grain boundaries of a
polycrystalline material (Y, YN), while it occurs over the whole interface area in the case of
two neighboring amorphous materials, we conclude that crystallization of yttrium layers is
one of the possible factors leading to stabilization of interfaces. Nevertheless, we cannot
exclude that a part of yttrium layers is still in amorphous state. Following [22] we can assume
that interdiffusion of Pd and amorphous Y is also suppressed due to incorporation of
considerable amount of nitrogen into both materials and formation of strong chemical metal-
nitrogen bonds decreasing mobility of atoms.

o 'N (200)

() ¥N(200)
¥(002)

Fig. 4. TEM bright field image (a), dark field image (b) and electron diffraction pattern (c) of
the PA(N)/Y(N) multilayer fabricated with 4% N, content in the working gas. The multilayer
surface is on the top of images (a) and (b).
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4. Soft X-ray reflectivity measurement

For the SXR reflectivity measurements, three Pd(N)/Y(N) multilayers consisting of 80
bilayers were fabricated with different contents of nitrogen in the working gas (4%, 6%, and
8%). The number of bilayers was large enough to provide reflectivity approaching the
maximal possible value at A = ~9.5nm. The multilayer fabricated without adding nitrogen to
the working gas was not measured because preliminary experiments indicated the
disappearance of the layered structure due to the intermixing of materials. The measurements
were performed at the Bending magnet for Emission Absorption and Reflectivity (BEAR)
beamline at the ELETTRA synchrotron [23]. The spectral dependence of the reflectivity at
the 5 degree incidence angle (off normal) is shown in Fig. 5. The multilayer fabricated with
the addition of 4% nitrogen to the working gas demonstrates 29.3% reflectivity at A = 9.3 nm.
A further increase of the nitrogen content leaves the reflectivity curve almost unchanged: the
peak reflectivity of the mirrors fabricated with 6% and 8% nitrogen content in the working
gas is equal to 30.0% and 28.7%, respectively. A small shift of the reflectivity peak in the 6%
case is caused by a slightly different period of the sample.

Despite the significantly improved internal structure of the Pd(N)/Y(N) multilayers, the
measured SXR reflectance is only half of the theoretical value of 62% at A = 9.3 nm. The
discrepancy can be caused by the following reasons. First, according to the TEM results, the
interlayers of considerable width (0.6 nm and 0.9 nm) are still left at the Pd(N)-on-Y(N) and
Y(N)-on-Pd(N) interfaces after nitridation of the multilayer structure. The interlayers reduce
the reflectivity by almost 20% (in absolute units) compared with the ideal structure with
abrupt interfaces. As seen in Fig. 6, the calculated peak reflectivity of the Pd/Y multilayer
with interlayers being taken into account is only 43% instead of 62% for the ideal mirror with
abrupt interfaces.
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Fig. 5. The measured reflectivity versus the radiation wavelength of the Pd(N)/Y(N)
multilayers fabricated by magnetron sputtering with different nitrogen contents (4%, 6%, and
8%) in the working gas (Ar).

Second, adding nitrogen to the working gas results in nitridation of both materials of the
multilayer structure and the formation of crystalline YN inside the yttrium layers, which
enhances the interface stability. However, impurities essentially increase the SXR radiation
absorption in the spacing (Y) layers. Assuming the Y layer is changed into YN with a density
of 4.4 g/em’ (the same as the density of pure Y), the absorptivity of the spacing layers is
almost doubled compared with the pure Y spacer [24]. Then, the peak reflectivity decreases to
33%, as illustrated by Fig. 6. Evidently, increasing the YN layer density results in a further
decrease in the reflectivity to 25.5% at a 5.6 g/em® YN density (the value corresponding to the
cubic crystalline structure of YN [25]). Although the comparison is based on the assumption
that all Y layers are transformed into YN ones, which is not the real case, Fig. 6 clearly
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indicates that the nitridation of Y layers causes reflectance loss compared to the pure Y layers
case. Note that the effect of impurities introduced into the absorbing layers (Pd) is much
weaker. Therefore, the effects of interlayers in the Pd(N)/Y(N) structure and the incorporation
of nitrogen into the Y layers may explain the lower value of the measured reflectance
compared with that of the ideal Pd/Y mirror.

These effects may also explain an independence of the measured SXR reflectivity on the
nitrogen concentration in the working gas (see Fig. 5). On the one hand, an increasing
nitrogen concentration results in a nitridation enhancement and thus in an increasing stability
of interfaces and a reflectivity rise. On the other hand, increasing content of YN in yttrium
layers leads to increasing absorption of an incident SXR radiation, so that these two opposite
processes are balancing each other retaining the reflectivity almost constant.

0.45 T T T T
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x 0.204
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Fig. 6. The calculated reflectivity versus the radiation wavelength of the Pd/Y and Pd/YN
multilayers, with the different YN densities indicated in the graph. Interlayers of 0.6 nm and
0.9 nm thickness were taken into account at the Pd-on-Y and Y-on-Pd interfaces, respectively.
The optical constants of materials were taken from the CXRO website [23].

5. Summary

Soft X-ray Pd/Y multilayer mirrors designed for operation in the 8-12 nm wavelength region
were fabricated by the direct current magnetron sputtering technique with the use of pure Ar
and a mixture of Ar and nitrogen (4% to 8% N,) as the working gas. The periodic structure of
the multilayers fabricated with the pure Ar working gas was demonstrated, using GIXR and
XPS, to have disappeared due to the severe intermixing of the Pd and Y layers. At the same
time, adding a small amount of nitrogen to argon increased the stability of the interfaces and
essentially mitigated the interdiffusion of Pd and Y mainly due to the formation of YN
crystallites in the yttrium layers. The strong texture of YN was clearly observed in the SAED
pattern, and the well-pronounced periodic structure of the Pd(N)/Y(N) multilayer was shown
through XPS analysis. However, interlayers of considerable width (0.6 nm and 0.9 nm) still
remained at the Pd(N)-on-Y(N) and Y(N)-on-Pd(N) interfaces and were observed in the TEM
images. The interlayers, on the one hand, and the increased absorption of the spacing layers
due to the introduction of nitrogen, on the other hand, reduced the SXR reflectivity by half at
A = 9.3 nm, from 62% for the ideal Pd/Y structure with abrupt interfaces down to 30%
(measured experimentally). One of possible ways for further reflectivity increase is to use a
time-dosed nitridation of yttrium layers at initial and final stages of their growth only. We
would expect that such a process allows to obtain relatively sharp Pd-Y interfaces and a
smaller amount of nitrogen inside Y layers. Notice that the similar process was used
successfully in [2] under development of high reflective B/LaN multilayer mirrors.
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